Abstract Laboratory studies have indicated that calcite may be used in separate, exchangeable filter units in constructed wetland systems to remove phosphorus. Based on these studies we built a full-scale experimental constructed wetland with a calcite-based filter unit to study its performance, under real-life conditions. The system consists of a 2-m 3 sedimentation tank and two vertical flow constructed wetlands. The system has three 0.09 m 3 calcite filter-units to study phosphorus removal. The hydraulic loading rate varied between 1.7 and 6.2 m 3 /d. The residence time in filters ranged from 28 to 99 minutes. Overall the system removed 62 ± 18% of phosphorus. The removal in the calcite filter was initially good, but after three months all P-filters were saturated. The calcite increased pH by approximately half a unit and released calcium. A total of about 2.2 kg P/m 3 calcite was removed by the filter. The first-stage bed receiving effluent from the sedimentation tank consistently removed phosphorus, whereas the second bed sometimes released phosphorus. The first order area-based removal rate constant for total-P in the vertical bed averaged 0.24 ± 0.20 m/d and was highly dependent on the loading rate. This shows that first order removal kinetics do not satisfactorily describe removal of phosphorus in vertical flow constructed wetland systems with unsaturated flow.
Introduction
Subsurface flow constructed wetland systems are known to be poor in removal of phosphorus (Brix, 1998; Vymazal et al., 1998) . The only sustainable removal process for phosphorus in these systems is binding to the bed medium as plant uptake can be neglected in the long term (Lantske et al., 1998) . It is therefore necessary to select a medium with a high phosphorus binding capacity, but even if this is done the binding capacity will be used up after a few years and something will have to be done to sustain phosphorus removal . Replacing the bed medium will be expensive, and therefore alternative solutions are needed. An obvious and sustainable solution would be to establish a separate filter unit containing a material with a high P-binding capacity, and to replace the material on a regular basis, e.g. once a year .
We have conducted a number of laboratory studies on the P binding properties of various materials that might be used in subsurface flow constructed wetland systems to enhance phosphorus removal, and identified a calcite product, which is commercially available as white cat litter, as having a high P-binding capacity as well as good hydraulic characteristics . Our laboratory studies indicate that about 30 kg of calcite per PE per year would be needed to bind phosphorus. Based on these studies we have built a full-scale experimental constructed wetland system with a calcite-based filter unit included in the flow path in order to study the performance of the filter under real-life operational conditions. This paper reports on the initial findings of that study.
Materials and methods

Experimental system
The two-stage experimental vertical flow constructed wetland system used in the present study consists of a three chambers 2-m 3 sedimentation tank, two vertical flow beds (surface area approximately 5 and 10 m 2 , depth 1 m) and three filter units in series containing calcite and with vertical upflow to study the removal of phosphorus (Figure 1 ). The filter units are constructed in 40-cm diameter wells (filter depth 70 cm + 15 cm 8-16 mm gravel in the bottom), hence the volume of calcite in each filter is approximately 0.09 m 3 (total volume of the three filters approximately 0.27 m 3 ). The calcite was sieved to pass a 2-mm mesh before installation. In order to study the possibility of enhancing denitrification, part of the effluent from the second stage vertical bed can be recycled to the sedimentation tank. See Johansen et al. (2002) for details on the design and construction.
Experimental runs
A total of eight experimental runs (campaigns) were carried out at different times of the year in the system. The campaigns were carried out in pairs, with and without recycling of effluent to the sedimentation tank. Campaigns 1 and 2 were carried out in July-August 2001, campaigns 3 and 4 in September-October 2001, campaigns 5 and 6 in November 2001, and campaigns 7 and 8 in February 2002. During campaigns 1 and 2 the P-filter units were empty, i.e. without calcite. The system configuration and desired hydraulic loading and recycling rates were set at least one week before the campaign in order to secure stable conditions in the system. However, because the actual hydraulic loading rate was controlled by the flow rate at the hosting wastewater treatment plant, the actual loading rate often deviated from the desired rate because of variations in flow caused by rain. Each campaign included daily grab sampling for five consecutive days. Samples were taken at the following points in the system: (1) Raw inlet to the sedimentation tank; (2) outlet from the sedimentation tank = inlet to CW1; (3) outlet from CW1 = inlet to P-filter unit 1; (3a) outlet from P-filter unit 1 = inlet to P-filter unit 2; (3b) outlet from P-filter unit 2 = inlet to P-filter unit 3; (4) outlet from P-filter unit 3 = inlet to CW2; and (5) outlet from CW2. The samples were brought to the laboratory immediately after sampling and analysed for total-P (unfiltered samples) and dissolved P (Whatman GF/C-filtered samples) using standard analytical techniques. Calcium was analysed in filtered samples using ICP-OES (Perkin Elmer Optima 2000 DV). Water temperature, pH and dissolved oxygen (Winkler technique) were analysed in the field.
Results
Hydraulic loading rates
A pump placed at the inlet to the local wastewater treatment plant controlled the hydraulic C.A. Arias et al.
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Figure 1 Layout of the experimental constructed wetland system: 1) Inlet pumping well, 2) Sedimentation tank, 3) Pumping well for the first vertical bed, 4) First vertical flow bed, 5) Three upflow calcite filled filters, 6) Pumping well for the second bed, 7) Second vertical flow bed, 8) Split well with pumping unit either to allow recycling of treated water to the sedimentation tank or to discharge, 9) Effluent, 10) Recycling pipe to the sedimentation tank loading rate of the system. The pumping frequency was set to be proportional to the inlet flow to the treatment plant, and because part of the sewerage system is a combined system, both the flow and the strength of the wastewater varied somewhat with precipitation. Therefore, the actual hydraulic loading rate of the experimental system sometimes deviated from the targeted rate (Table 1) . In all campaigns a loading rate of 2 m 3 /d of raw sewage into the sedimentation tank was targeted. However, particularly during campaigns 4, 7 and 8, some heavy precipitation occurred and increased the hydraulic loading rate of the system. This also resulted in some flooding in the first bed because of hydraulic overloading. The targeted recycling rate was 100%, i.e. 2 m 3 /d. The hydraulic loading rate of the P-filters was very high, 13-50 m/day. Hence the nominal residence time of the water in the calcite filters ranged between 28 and 99 minutes.
Phosphorus removal
Sedimentation tank. The inlet concentration of total-phosphorus into the sedimentation tank averaged 16.6 ± 8.3 mg/L, but the concentration varied considerably (Figure 2 ). In campaigns 7 and 8 the P inlet levels were lower because the sewage was diluted by rain. The phosphorus loading rate of the sedimentation tank varied between 30 and 70 g/d (average 50 ± 17 g/d), which is very high compared with the discharge from a single household. The removal rate in the sedimentation tank averaged 30 ± 18% of the phosphorus mass loading, and no relation with recycling was observed.
Constructed wetland -first bed. The effluent from the sedimentation tank was loaded onto the first vertical bed, which for campaigns 1 and 2 was the 10-m 2 bed, and for the remaining campaigns the 5 m 2 -bed. The area-specific loading rate varied between 4 and 10 g-P/m 2 /day (average 6.5 ± 1.9 g-P/m 2 /day). The effluent P concentration from the bed C.A. Arias et al. Table 1 Average measured hydraulic loading rates in the system during the eight campaigns. Each campaign included daily measurements during five consecutive days (n = 5). Nominal residence times in the P-filter are calculated based on a calcite porosity of 42% Figure 2 (A) Average (± 1 standard deviation, n = 5) inlet and outlet concentration of total-P of the sedimentation tank for the eight campaigns; and (B) average (± 1 standard deviation, n = 5) amount of phosphorus removed in the sedimentation tank was consistently lower than the inlet concentration (Figure 3) . The area-specific removal rate varied between 0.1 and 3.2 g-P/m 2 /day (average 1.7 ± 1.1 g-P/m 2 /day), corresponding to a mass removal rate of 24 ± 12% of the loading.
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P-filters.
The calcite in the P-filters was installed about 3 weeks before campaign 3. The Pfilters removed P very effectively during this campaign, decreasing the P concentration by 75% from 5.7 ± 0.5 mg/L in the inlet of the filters to 1.4 ± 0.6 mg/L at the outlet of the third unit; even though the nominal residence time in the calcite filters was short, only 33 minutes ( Figure 4A ). During the 3rd campaign the second and third filter bound most of the P, but the first filter was also removing phosphorus ( Figure 4B ). During the following campaigns, the removal performance decreased. By campaign 4, conducted 7 weeks after the P-filters were installed, the first P-filter seemed to be saturated by phosphorus, and so it did not bind any P. However, the second P filter, and in particular the third P-filter, still removed significant amounts of P. During campaign 5, which was conducted about 11 weeks after installation of the filters, all filter units again removed some P. The relatively low hydraulic loading rate and hence longer detention time in the filters, and maybe also the higher inlet concentrations may have enhanced removal in the filters. During the last three campaigns, the calcite filters seemed to be P-saturated, and they did not remove very much P. The total amount of phosphorus removed by the P-filters during the operation of the system was about 600 g of P, which is equivalent to about 2.2 kg/m 3 .
Second bed. The effluent from the P-filters was loaded onto the second vertical bed, which for campaigns 1 and 2 was the 5-m 2 bed, and for the remaining campaigns the 10-m 2 bed. The area-specific loading rate varied between 1 and 7 g-P/m 2 /day (average 3.0 ± 2.4 g/m 2 /day). The effluent P concentration from the bed was not consistently lower than the inlet concentration ( Figure 5) . Hence, the area-specific removal rate varied between -0.8 and 1.4 g/m 2 /day (average 0.1 ± 0.8 g-P/m 2 /day).
Overall removal. The overall removal efficiency through the test of the two-stage experimental system ranged between 30 and 87% (average 62 ± 18%). The lowest removals were Figure 4 (A) Average (± 1 standard deviation, n = 5) inlet and outlet concentration of total-P of the three calcite filters during the third campaign, and (B) average (± 1 standard deviation, n = 5) amount of phosphorus removed by the filters recorded in campaigns 7 and 8 (Figure 6 ), which had very high hydraulic loading rates and dilute wastewater.
Calcium and pH
As expected, pH dropped in the sedimentation tank because of decomposition ( Figure 7B ). Also in the first vertical bed the pH decreased because of decomposition of organic matter and nitrification. In the calcite filters the pH increased on average half a pH-unit concurrent with an increase in the concentration of calcium. By passing through the calcite filters the Ca concentration on average increased from 127 to 193 mg/L ( Figure 7A ). Assuming the increase in Ca occurred because of dissolution of CaCO 3 , it could be calculated that about 40 kg of the calcite in the filters had gone into solution during the period of operation. In the second stage vertical bed, the pH was on average unchanged, and calcium concentration decreased slightly, but different patterns were observed in the different campaigns.
Removal kinetics in vertical beds
The removal of phosphorus depended on loading rate ( Figure 8A ). The second stage bed had initially been used as the first bed, and the apparent release of P at low loading rates, when the bed was used as the second bed, might have been caused by release of accumulated P in the bed medium. Figure 7 Average (± 1 standard deviation, n = 30 or 40) inlet and outlet concentration of (A) calcium (Ca) and (B) pH at the eight sampling points of the two-stage constructed wetland systems Figure 6 Average (± 1 standard deviation, n = 5) inlet and outlet concentration of total-P of the two-stage constructed wetland systems for the eight campaigns
The average inflow and outflow concentrations of the vertical beds permit the calculation of area-based first order removal rate constants (k TP , m/d) using the following formula (Kadlec and Knight, 1996) :
Where C o = outlet concentration of total-P C i = inlet concentration of total-P q = hydraulic loading rate (m/d) Based on the average inlet and outlet concentrations of total-P and hydraulic loading rates of each individual bed, the area-based rate constant, k TP , (m/d) was estimated for each campaign. For the first bed receiving effluent from the sedimentation tank the rate constant averaged 0.24 ± 0.20 m/d (average ± 1 standard deviation), and for the second bed receiving effluent from the P-filters, the rate constant averaged -0.04 ± 0.18 m/d. It is evident from the data shown in Figure 8B , that the rate constant is not a "constant", as the rate constant depends on mass loading rate.
Discussion
Earlier studies conducted in the laboratory showed that calcium-based materials in particular have a high capacity to remove phosphorus . The studies indicated that calcite may be used to increase the P-sorption capacity in the bed medium in subsurfaceflow constructed wetland systems, and that the P removal capacity is about 25 kg/m 3 . Considering this capacity, around 30 kg of calcite per person per year would be needed to comply with the discharge standards. In the present study we extrapolated the results from the laboratory scale studies to a full-scale experimental constructed wetland system, incorporating calcite into a separate filter-unit of the system. However, because the system was also used to study removal of other pollutants, including nitrification, and because we wanted to reach the system's maximum capacity in this regard, the hydraulic loading rate of the system was very high compared to expected loadings for full-scale operational singlehousehold systems and compared to the dimensions of the P-filter. In the laboratory scale column studies we used a water residence time in the columns of 10 to 12 hours . But in the present study the residence time in the calcite filter was only 28 to 99 minutes. Hence the contact time between the wastewater and the calcite was considerably lower than in the laboratory trials. In this study the P removal in the calcite filters was only about 2.2 kg/m 3 , which is tenfold lower than estimated in the laboratory. The reason might be that the contact time was too short, but also formation of biofilms on the calcite may have affected the results. The calcite did release calcium to the water and did increase pH, factors that facilitate the precipitation reactions (Stumm and Morgan, 1981; Carlsson et al., 1997) .
Judged from the increase in Ca concentration in the water, about 17 kg of Ca was released during the period of operation, but only 600 g of P was removed in the filters. Further tests using lower hydraulic loading rates and longer reaction times are needed to evaluate the potential of using calcite in separate filters for P removal in constructed wetland systems. Phosphorus was also removed in the sedimentation tank and in the vertical flow beds. Particularly the first bed receiving raw effluent from the sedimentation tank removed a significant amount of phosphorus. The removal rate increased with loading rate, but the removal kinetics did not follow 1st order reaction kinetics, as the area-based removal rate constant, k TP , increased with loading rate. The removal in the vertical beds occurs by sorption to the bed medium and by plant uptake. The sorption capacity of the gravel medium depends on the physical-chemical composition of the medium, particularly the Ca-content . Sorption processes are reversible, and hence release of P can be observed from P-containing media if loaded with wastewater with a low concentration of P. This was probably the case for the second vertical bed as this had been loaded as the first bed initially during the study.
Conclusions
The phosphorus removal capacity of constructed wetland systems (and other low technology systems) can be improved in a cheap and sustainable way by the establishment of a separate filter unit containing a material with a high P-binding capacity. Calcite products with suitable hydraulic characteristics are good candidates for filter material. The binding capacity of the studied calcite product seems to be about 2.2 kg/m 3 during real life operational conditions, but it is likely that the capacity is higher under operations with longer contact times. Initial studies at a full-scale single household system have shown very promising results during the initial six months of operation. We expect to be able to produce design guidelines in the very near future based on these studies. A vertical flow constructed wetland system with recycling of effluent to the sedimentation tank and equipped with a calcite based phosphorus filter is a very attractive solution for single households in the countryside. The system is inexpensive, robust, and needs very little maintenance; only replacement of the calcite filter material once a year, which can be done at the same time as the sedimentation tank needs emptying.
